T + R was significantly higher than T or R alone. These results indicate that the combination of T + L + R induces a significantly enhanced antigen presentation effect of AML-DC. We speculate that the complementary effects of reagent combinations may better address the heterogeneity of responses to any single agent in AML cells from different patients. 
Introduction
Toll-like receptors (TLRs) recognize pathogen-associated molecular patterns (PAMPs), the conserved motifs shared by many bacteria, viruses, protozoa and fungi, activate and initiate innate and adaptive immune responses [1, 2] . Ten human TLRs have been identified. TLR-1, TLR-2, TLR-4, TLR-5 and TLR-6 mainly recognize microbial membrane components including lipids, lipoproteins and flagella. TLR-3, TLR-7, TLR-8 and TLR-9 recognize both microbial and viral nucleic acids [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Considering that there would be a mixture of various pathogen products in a pathogen infection site, the PAMPs produced by pathogens are a mixture of various TLR agonists. These TLR agonists trigger a spectrum of TLRs of the immune cells opsonized around infection sites. The immune response and memory established during and after the infection are actually products of the total effects of various activated TLRs [14, 15] . TLRs are primarily expressed in hematopoietic cells, especially the myeloid lineage. The expression of TLRs is different among different sub-lineages of hematopoietic cells. Myeloid dendritic cells express TLR-1-6 and TLR-8, whereas plasmacytoid DC expresses TLR-7 and TLR-9. Neutrophils express TLR-1, TLR-2 and TLR-4-10, natural killer (NK) cells express TLR-1, monocytes express all TLRs except TLR-3 and B lymphocytes express TLR-7, TLR-9 and TLR-10; regulatory T cells (Tregs) can express TLR-8 and TLR-10 [1, 2, 16, 17] .
Ligand recognition and signal transduction from TLRs ultimately induce the expression of numerous genes required for the inflammatory response, including inflammatory cytokines, chemokines, antimicrobial molecules, as well as major histocompatibility and costimulatory molecules important for triggering DC activation, promoting DC differentiation and maturation, enhanced antigen uptake and cell surface antigen presentation. These processes stimulate expansion and differentiation of naive T cells toward a T helper 1 (Th1) phenotype, establishing long-standing adoptive immunity to the host [18] [19] [20] .
AML is a heterogeneous disease that can be classified by morphology, lineage, and genetics and reflects the diversity of malignant transformation at differentiation stages of myeloid precursors [21, 22] . AML cells express TLR-2, TLR-4, TLR-7, TLR-8 and TLR-9. The expression and the level of TLRs in AML vary among patients [23, 24] . Differentiation of AML cells into DC-like cells can be induced with cytokines. A DC phenotype with increased CD80, CD83, CD86, CD40 expression can be induced after in vitro exposure of native AML blasts to several cytokine combinations. Such phenotypically altered AML cells (AML-DC) appear to be more efficient than native blasts as antigen-presenting cells for the presentation of leukemia-restricted peptides to T cells [25] [26] [27] . AML-DC can be used to activate leukemia-specific T cells from allogeneic PBMNC obtained from healthy BM donors or autologous PBMNC obtained from patients with AML in complete remission (CR) [28, 29] . Intact autologous AML cells are likely the best source of leukemia-associated antigens (LAAs) since all relevant candidate LAA should be contained on AML blasts. DC-differentiated AML cells are effective whole cell vaccines without the need to define the unique LAA expressed and are ideal antigen-presenting cells to activate anti-AML adoptive immunity [30, 31] . Based on our previous studies of an AML-PBMNC culture system that induced AML cell DC differentiation for generating autologous AML-reactive T cells [32] , the aim of the current study was to investigate whether the addition of the TLR agonists LPS and R848 or the cytokine TNF-α or combinations of these reagents will more effectively induce AML-DC maturation and further augment the AML reactivity of CTLs that are generated by AML-PBMC culture system of this study.
Materials and methods

Patient samples and cells
PB or BM samples of primary or relapsed AML patients were obtained with informed consent under an institutional review board (IRB) approved protocol. After FicollHypaque gradient centrifugation, the MNC were collected and cryopreserved.
Evaluation of effects TLR agonists on AML-DC culture
AML-MNC cultures were generated as previously described [32] . Briefly, MNC of AML patients were suspended in 1 × 10 6 /ml in culture medium containing 45 % AIM-V medium, 45 % RPMI-1640, 12 mM l-glutamine, 55 μM β-mercaptoethanol, 100 units/ml penicillin, 100 μg/ ml streptomycin, 10 % heat-inactivated human AB serum, 20 IU/ml IL-2, 1,000 U/ml IL-4 and 50 ng/ml GM-CSF. 0.2 ml of AML-MNC suspension was added to 96-well U-bottom culture plates. At day 7 of culture in a humidified 37 °C incubator with 5 % CO 2 , various reagents and combinations of reagents were used to stimulate the maturation of AML-DC. There were eight stimulation conditions, including culture medium control, TNF-α (20 ng/ ml) (Invitrogen), LPS (500 pg/ml) (Sigma), R848 (5 μg/ ml) (Invitrogen) or their combinations, TNF-α + LPS (T + L), TNF-α + R848 (T + R), LPS + R848 (L + R), TNF-α + LPS + R848 (T + L + R). After 24 h of incubation, the culture medium was removed from each well and the plates were washed twice (2×). Fresh culture medium supplemented with 6000 IU ml IL-2 was added to each well. After 2-3 weeks of culture, when most wells contained confluent proliferating lymphocytes, 0.1 ml cell suspensions were taken from each well and transferred to another culture plate. Both culture plates were then filled with 0.1 ml culture medium with 6000 IU/ml IL-2. After continuous culture for 2-3 days, 2 × 10 4 autologous AML-MNC were added to each well of the daughter plates. After overnight incubation, 100 μl of culture supernatant was obtained from each well for ELISA assays of IFN-γ concentration. Cells obtained from the original plates were used for CTL assays.
Flow cytometry analysis
For determination of DC differentiation of AML blasts and AML-specific T cell proliferation, cells were stained with antibodies to CD3, CD4, CD8, CD33, CD34, CD54, CD80, CD86, CD83 and HLA-DR at day 0 and day 8 of culture. For evaluating T cell priming and proliferation, CD3, CD4, CD8 expression was examined weekly after day 14 to the end of culture. Monoclonal antibodies were purchased from BD Biosciences (San Jose, CA).
CTL assay of AML-reactive CTL by FACS
CTLs generated from 12 replicates of one treatment culture condition in a 96-well plate were mixed for flow cytometry CTL assays. CTL assays by FACS were performed according to a 5-(and 6)-carboxyfluorescein diacetate succinimidyl ester (CFSE)-based cytotoxicity assay reported by Jedema et al. [33] with modification. Briefly, after washing with phosphate-buffered saline (PBS), AML-MNC suspensions as targets were re-suspended at 10 × 10 6 cells/ml in PBS. CFSE (eBioscience, San Diego, CA) was then added to the cell suspension to a final concentration of 10 μM, mixed immediately and incubated at room temperature in the dark for 10 min. The labeling was stopped by adding 5 volumes of cold complete media and incubated on ice for 5 min. After three washes with complete medium, the CFSE-labeled target cells were re-suspended in complete medium and directly used for CTL assay. CFSE-labeled AML-MNC, 0.1 ml in a cell concentration of 1 × 10 6 /ml and autologous CTLs, 0.1 ml in a cell concentration of 1−2 × 10 6 /ml were separately seeded in wells of 96-well U-bottom plates in an effector-to-target cell ratio of 1:1-2:1. Separately seeded CFSE-labeled AML-PBMNC and autologous CTL were mixed immediately after culture plate setup as time 0 to determine total AML cells left (percentage) after 24 or 48 h of culture. This tube permitted determination of CTL-dependent cytotoxic effects on AML cells by assessment of cells killed by CTL, as well as noncytotoxic effects, e.g., growth of AML cells and/or CTLs, or cell apoptosis during 24 or 48 h of culture. This tube was defined as "Mixed at T0." Separately seeded CFSE-labeled AML cells and autologous CTL were mixed at 24 or 48 h after culture as controls to determine the effect of autonomous growth or apoptosis of AML cells or CTLs during 24 or 48 h of culture without the cytotoxic effect of AMLreactive CTLs. The tubes were defined as "Mixed at T24" or "Mixed at T48." The CFSE-labeled target cells were AML-PBMNC including AML cells, normal monocytes, T and B cells. The percentage of AML cells in AML-PBMC varied widely among different patients. To determine the exact percentage of AML cells after co-culture with CTL cells in "Mixed at T0" and "Mixed at T24 or T48" tubes, the cells therein were stained with CD33-PE and CD34-PE at 24 and 48 h after initiation of the CTL assay. Only CD33/CD34-PE and CSFE double-positive cells by flow cytometry were counted as AML cells in the co-culture of "Mixed at T0" and "Mixed at T24 or T48" tubes. The percentage of AML cell elimination by autologous AMLreactive CTL was calculated using the following equation:
Statistical analysis
Throughout the analysis, p < 0.05 was considered to be statistically significant. Linear mixed effect models with subject as a random effect were fitted. Post hoc contrasts were tested following the modeling. The original data were transformed (square root or log transformation) when needed. If a parametric model was not appropriate, the nonparametric Wilcoxon signed rank test was used to compare the effects of test agents on the same patient samples. Holm's step-down method was used to adjust the p values after multiple comparisons. The analysis was done using R version 3.1.2 [34] .
Results
Enhancement of AML-DC maturation
We studied 18 primary AML patient samples (Three patient samples were studied repeatedly, and the mean value of the repeated experiments was used). MNC from AML patients at first presentation or relapse were obtained and immunophenotyped. The cells consisted of 90 ± 8 % CD33 + and/or CD34 + AML blasts (range 69-98 %) and 3 ± 3 % CD3 + T cells (range 1-13 %). AML-MNC were cultured in 96-well plates as described in "Materials and methods" section. TNF-α, LPS, R848 and combinations were added at day 7 and analyzed at day 8 by flow cytometry.
%AML elimination
=
(%Mixed at T24/T48 − %Mixed at T0) × 100 % %Mixed at T24/T48
.
The percent positive for CD80 expression at day 8 of culture with different treatment conditions is shown in Fig. 1a . All single reagents and reagent combinations added at day 7 induced significantly higher CD80, CD86, CD83, CD40, CD54 and HLA-DR expression of AML cells compared to the medium control (p < 0.01 for all; for CD80, 86, 83, 40
and HLA-DR, based on contrasts after linear mixed effect models, CD83 was square root transformed; for CD54, Wilcoxon signed rank test was used; the Holm method was employed for multiple comparison adjustments). Comparing single reagents with their combinations, the enhancing effect of T + L + R on CD80 expression was significantly higher than T alone (p < 0.001). T + R had a better CD54 enhancing effect than R alone (p = 0.04). Other than the above, reagent combinations always had nonsignificant small sub-additive effects for CD80 and CD40 expression, but not for CD54, CD86, CD83 and HLA-DR.
Enhancement of IFN-γ release response of AML-reactive CTL
High-dose IL-2 was added on day 8 to expand T cells in the culture. After 2-3 weeks, T cells obtained from each culture well were tested for reactivity by ELISA assay of IFN-γ release in response to autologous AML cells. For every experiment, the mean of 10 replicates of each treatment condition was calculated. The results from 19 independent experiments are summarized in Fig. 2 . CTLs primed and activated by AML cells that were stimulated by all the combinations or R alone released significantly higher IFN-γ in response to autologous AML cells than that of medium control (p < 0.01 for all, contrasts after linear mixed effect model with Holm's adjustment, IFN-γ is log transformed). But T or L alone did not show a significant difference from the culture medium control. Among reagents and combinations, T + L + R was statistically significantly higher than T (p = 0.02) or L (p = 0.03) alone; T + L + R showed a small, but nonsignificant increase compared with R alone. These results suggested the trend that the combination of these reagents, especially T + L + R, stimulated AML cells toward better AML-DC differentiation with higher CTL stimulating efficiency than any single reagent.
Increased autologous AML elimination by AML-reactive CTL
CTLs generated from nine patient samples were analyzed for cytotoxic effect against autologous AML cells. One example of 24-and 48-h flow cytometry CTL assays from patient #2010-8 is shown in Fig. 3 . CTL stimulated by a combination of T + L + R achieved greater AML cell elimination than single reagents and other reagent combinations.
Results of nine CTL assays showed that the AML cell elimination by CTLs achieved by a single reagent varied from patient to patient. However, reagent combinations almost always demonstrated better stimulation than single reagents (eight of nine), suggesting that the reagent combinations have complementary or additive effects in inducing AML-reactive CTLs. For most patient samples, the reagent combination T + L + R was the most effective inducer of AML-reactive CTLs. However, for patient #2011-2, singlereagent LPS was most effective and the combination of T + L + R was least effective. The overall effect of the reagents and reagent combinations to stimulate AML-specific CTL from nine patient samples is summarized in Fig. 4 . Comparing reagent or reagent combinations to the medium control, all the reagent combinations along with singlereagent L showed significantly more AML cell killing than the medium control (p < 0.001 for all, contrasts after linear mixed effect modeling with Holm adjustment). The T and R combination significantly improved cell killing compared with either T or R alone (p < 0.01 for both). Also, the T + L + R three agent combination improved cell killing compared with each reagent alone, significantly so for T or R (p < 0.01 for both).
Discussion
AML cells can be differentiated to DC-like cells possessing the ability to stimulate antileukemic immunity by antigenspecific T cell responses [29] [30] [31] [32] . As a group of diseases, the heterogeneous nature of AML predicts a diversity of responses to agents stimulating DC differentiation and DC maturation of AML cells. For a meaningful therapeutic effect, it would be clinically useful to develop an effective AML-DC maturation induction protocol that reliably promotes effective anti-AML immunity for most AML patients.
TNF-α is well recognized for playing a significant role in inducing DC maturation and has been used for DC maturation in many studies [35] [36] [37] . In our previous studies of an AML-PBMC culture system, TNF-α was tested for inducing AML-DC maturation. Although TNF-α enhanced CD80, CD86, CD83 expression, it did not significantly enhance IFN-γ release or cytolytic activity by AML-DCinduced CTL in response to autologous AML (unpublished data). For this reason, we hypothesized that combinations of stimulatory molecules and cytokines would improve maturation of the AML-DC and thus improve the immune response in a wider range of patients with AML. Upon recognition and activation by microbial products, TLRs activate the immune system and initiate innate and adaptive immune responses. The powerful immunostimulatory properties of TLR agonists were exploited and compared with TNF-α for stimulating complete maturation of AML-DC and augmentation of active immunity against AML in this study. TLR-3, TLR-4, TLR-7/8 and TLR-9 agonists are in the National Cancer Institute's list of immunotherapeutic agents ranked with the highest potential to treat cancer [38] . Since TLR-4, TLR-7/8 and TLR-9 were reported to be expressed in AML cells with very low expression of TLR-9 [23, 24] , we investigated TNF-α, LPS, R848 and their combinations for their ability to stimulate activation of AML cells toward mature DC differentiation. LPS used in this AML-MNC culture was 500 pg/ml. After 1-day stimulation, the cells were washed twice to remove the TLR agonists. The culture was continued for 3-4 weeks with repeated changing of culture medium. After three final washes, the residual LPS in harvested CTLs is likely negligible. The efficiency of single or combinations of reagents in stimulating AML blast DC differentiation and maturation was evaluated by three criteria: (1) stimulating phenotypic change of AML cells toward mature DC; (2) IFN-γ release by culture-expanded CTL in response to autologous AML cells; and (3) killing of autologous AML blasts by CTLs generated in our AML-MNC culture.
AML blasts are of low immunogenicity, probably because of the lack of the co-stimulatory molecules. We showed that treating AML-DC with single-reagent TNF-α, LPS, R848 and their various combinations could significantly increase CD80, CD86, CD40, CD54, CD83 and HLA-DR compared to medium control. CD80 expression on AML cells was higher using the combination of T + L + R compared with single reagents, and it was significant for T. CTLs that were derived from AML-PBMNC culture stimulated by all the combinations and 1 3 single-reagent R released significantly higher IFN-γ in response to autologous AML cells compared with medium control, but T or L alone did not. Among reagents and combinations, T + L + R was significantly higher than T or L alone and T + R was significantly higher than T alone. Comparing CTL activity stimulated with single reagents or combinations versus the medium control, again the overall effect of AML-specific CTL of nine patients showed significantly enhanced killing of AML cells by all reagent combinations and R alone. AML cell killing by CTL using T and L was higher, but not significantly so, compared with medium. The results indicated that the effects of cooperatively triggering multiple TLRs promoted the most consistently effective immune responses to the heterogeneous AML cells from different patients, presumably due to the genetic heterogeneity of AML.
The significantly enhanced mature DC phenotype, IFN-γ release response and autologous AML cell killing by the T + L + R combination may due to the complementary effects of reagent combination on the cells from different AML patients. In contrast to normal myeloid DC differentiation, heterogeneity of AML patient cells, with variability in the phenotype, various genetic mutations and clone diversity, may predict different responses to individual reagents and/or variability in T cell immune responses to culture-derived AML-DC. Because of the heterogeneous These results may have important implications with regard to the design of clinical trials in humans. We speculate that the combination of T + L + R may be the best method for AML-DC and CTL stimulation for most AML patients, but that pretesting of each patient may be necessary to select an optimal TLR agonist or combination to generate optimal AML-reactive CTLs for immunotherapy. In addition, our results suggest that the criteria for selection of the optimal culture conditions may require testing of all three assays employed in this study, i.e., AML-DC phenotype and both IFN-γ release and cytotoxicity by CTL in response to autologous AML cells. However, given the uncertain predictability of in vitro assays of CTL effectiveness to in vivo results [39] , additional investigation will be required to assess which of the above assays or combination of assays correlates best with in vivo elimination of AML.
In conclusion, these studies demonstrated that the combination of R848, LPS and TNF-α stimulated AML-DC with optimal maturation and higher CTL priming and cytotoxic activity in our AML-MNC culture. However, there was significant heterogeneity among patients with respect to generating the most effective CTL. Moreover, additional investigation will be required in order to assess the extent to which these findings translate to in vivo elimination of AML. Fig. 4 Summary of CTL assays for AML elimination by autologous AML-reactive T cells generated under various conditions (T + L + R, T + L, T + R, L + R, or L vs medium, p < 0.01; T + R vs T or R, p < 0.01 for both; T + L + R vs T or R, p < 0.01 for both). The data shown represent the combined data from studies of nine AML patients
